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TECHNICALNOTE3261

A METHODFOREVALUATINGTHEEFFECTSOFDRAGANDINIETPRESSURE

RECOVERYONPROPULSION-SYSTEMEERFORMNCE

ByEnil.J.Kkemzier

SUMMARY

A methodof evaluatingtheratioofaircraftthrustminusdragto
idealthrustforsayinletTressurerecoveryispresentedforairplanes
withair-breathingpropulsionsystems.Thequantitiesrequiredforthis
evaluationincludeflightMachnumiberandaltitude,enginetotal-
pressureratioandtotal-temperatureratio,engineair-flowrequirements,
andairplanedrag.Variationoftheratioof incrementalchangesin
inletpressurerecoveryto incrementalchangesindragcoefficientre-
quiredto-titaina givenlevelofairplaneorpropulsion-systemthrust
mtiusdragispresented.Threetypesoftypicalair-breathingengine
havingequalair-flowcapacitiesarecomparedat givenoperatingpoints.
Appli& ionofthe
formmdmnunthrust

meth@ to thedeterminationof
minusdragisalsoincluded.

INTRODUCTION

Theair-inductionsystemofan aircraftwith

inletmass-flowratio

an air-breathing
engineshouldsupplytheprescribedairflowto theengineat highpres-
surerecoverywithas littleexkrnaldragasFOSSible.It isoften
possibleto increasetheinternalthrustofthepropulsionsystemthrough
inletdesignmodificationsthatincreasetheoperatingpressurerecovery
of theinlet.Ifsuchan increaseinpressurerecoveryis obtainedwith-
outincreasingtheairplanedragcoefficient,an increaseinairplane
thrustminusdragwild.result.If,however,aa increaseinairplaneex-
ternaldragcoefficientaccompaniestheincreasein inletpressurere-
covery,theresultanteffectontheairplsnethrustminusdragcannotbe
determinedwithoutfurtherevaluationofthepropulsion-systemparameters.

A methodofevaluationofairinductionsystemscotiinedwitharbi-
traryjetenginesfromconsiderationsof induction-systemair-handling
qualitiesandenginecomponentcharacteristicsispresentedinreference
1. Reference2 presentsa simplifiedmethcdforcomparingtheperform-
anceof supersonicrsm-jetdiffusers.Thepurposeofthepresentreport
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istopresenta methodforevaluatingtheeffectsofinletpressurere- F-
coveryanddragonpropulsion-system-thrust-minus-dragperformancefrom
considerationsof engineover-all“pumping”characteristics.

Theanalysispresentedhereinappliesto a completeairplaneorits
propulsion-systemcmponentswhereselectionof,ordesignmodifications
to,theinletarebeingconsidered.Inletdesignconsiderationssuchas
incorporationofboundary-layerremovalsystemsonscoop-t~einlets,
inletlocationontheaircraft,andchoiceofcowlfairing~d lipangle
willdeterminethelevelofpressurerecoveryatwhichtheinletwill
openatetogetherwiththeassociatedairplaneexternaldragcoefficient.
Ifthevariouslevelsofpressurerecoveryanddragcoefficientforthese
designconsiderationsareknown,theequationsandcurvespresented
hereinfacilitatethechoiceof inletformaximumthrustminusdrag.
Otherfactorsthatmaybe affectedlyinletdesignmodificationssuchas
changesinairplaneandcomponentweightsorchangesinenginefuelcon-
sumptionarenotconsidered.

A

F

f/a

k

M

m

m/mo

Thefollowingsymbols

flowarea

compressor-inlet

SYMBOLS

areusedinthisreport:
n

flowareaofturboJetengine

flowareaat M = 1.0

dragcoefficient,D/q#

incrementaldragcoefficient

internal

drag

internal

fuel-air

slopeof

thrustcoefficient,F/q&O

thrust ofengineandinletccmibination

ratio

internalthrustratio- pressurerecoverycurve

Machnumber

mass-flowrate .

inletmassflowratio,unitywhenfree-stresmtubeas defined
by cowllipentersinlet *



NACATN 3261
“

.

●

✍✍

N/@

P

dp2/po)

1?

%

R

s

T

t

v

‘a

r

5

e

P’

ratioofactualto ratedmechanicalenginespeed

totalpressure

inletincrementalpressurerecovery

staticpressure
ro

free-streamdynsmicpressure,~ P&02

gasconstant

airplanedragcoefficientreferencearea

totaltemperature,OR

statictemperature,%

flowvelocity

weightflowofairpassingthroughengine

ratioof specificheats

P/2116

T/519

1 + f/a

Subscripts:

o free-stream

1 tiletentrance

2 diffuserexit

e nozzleexit

i idealinletoperation,P2/Po= 1.0

—- —
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ANALYSIS
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Onetypeofpropulsion-systmeffectivenesscanbe determinedfrom
thedifferencebetweeninternalthrustsmd.theassociatedconfiguration
or componentdrag. Ifa fullyexpandedexhaustnozzlelwithnototal-
pressurelossisassumedforshrplicity,thepropulsionsysteminternal
thrustisrelatedto theefficiencyoftheairinductionsystem.with
thestationdesignationsoffigure1, a thrustparameterforair-

c~+2
breathingengines

m
iS derivedinappendixA. ~is p~meter is

-z
a functiononlyoffree-streamMachnuniberandpropulsion-systemover- %
alltotal-pressureratio.A limearapproximationto eqwtion(B2)for
theinternalthrustratioF/Fi wasmadeinappendixB fora limited
rangeof inlettotal-pressurerecovery(fig.2). Thisrangeisprobably
applicabletomostinletsdesignedfortheMch numberrsmgeconsidered
herein(upto free-streamMachnumioer~ of3.0).ForhigherMachnum-
bers,otherapproximationsto equation(B2)maybenecessary. —

A setofcurvesfortheevaluationof idealinternalthrustcoeffi-
cient ~.i (basedonfree-streamtubeareaforinletpressurerecovery
P2/Po of’1.0)andslopeofthethrustratio- pressurerecoverycurve
k offigure2 obtainedfromtheequationsderivedintheappendixesis

●

presentedinfigure3. ThecurvesinquadrantI (fig.3)maybe entered
+7+2 n-

with (Pe/Po)i= Pe/F2 and ~ to obtain
~’.

Readingto the

rightinquadrantIIwith Te/T2yieldsCF,i.EnteringquadrantIII. .

() CF-+ 2
with(Pe/l?o)iand ~ givestheratio , which,

cF,i+2 P2/Po=0.667
togetherwith ~,i, determinesk inquadrantIV.

Generalizedenginepumpingcharacteristicsfora typicalturbo~et
enginearepresentedinfigure4. Fromcurvessuchasthese,’engine
total-pressureratioPe/P2 andtotal-ttieratureratioTe/T2 canbe

determinedforanycorrected-engine-speedg~tio ~ ~d wed ~th
P

f@U.YX23 tC)ObtdII cFji aad k, as discussedpreviously.Knowingk,
thevariationofinternalthrustratiowithinletpressurerecovery

%he assumptionofa follyexpandedexhaustnozzleresultsinvalues
ofpropulsionsystemthrustcoefficientsubstantiallythesameasthose
obtainedwitha sonicnozzleforflightMachnuribersup to aboutunity.
As flightMachnumbersareincreasedintothesupersonicregion,however, “
considerablyhighervaluesofthrustcoefficientareobtainedwiththe

.—

fullyexpandedexhaustnozzle.
●
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%’/% isdefined.Ifthegeneralizedenginecharacteristicsareun-.
available,theenginetotal-pressureandtotal-temperatureratiosfora
givensetofengineoperatingconditionscanusuallybe obtainedfrcm
theenginemanufacturers’performancecharts.

In orderto evaluatethethrustminusdragofanaircraft,thecon-
figurationdragmustslsobe knowil.A convenientexpressionforthe

F -Devaluationofthrustminusdragis — Fi “ Theqyantity F/Fi hasbeen
Eg discussedintheprecedingsection,sothatonJ.yD/Fi,whichisdefined

as followsremainstobe considered:

D c~

~ = %?,iAO,i

AirplanedragcoefficientCD will,of course,be influencedby such
factorsastheaerodynamicshapeoftheairplane,theflight&h ntier
sadaltitude,andtheinletmass-flowratio.Theinletsizeisdeter-
minedfromWet-enginematchingcriteria(ref.3). Oncetheinletsize
hasbeenselected,thedragassociatedwiththeNet willbe determined
by theair-flowrequirementsoftheengine.@icsl turbojet-engineair-
flowrequirementsareshowninfigure4(b)asa functionof corrected-
engine-speedratio.In orderto evaluatean airplanedragcoefficient
at a givenflightWch numberandaltitude,thevariationof dragcoef-
ficientwithengineair-flowrequirementsmustbe known.

Withengineair-flowrequirementsobtainedfromfigure4(b),the
ratioof idealfree-stresmtubeareato compressor-inletflowarea
Ao,@c c= be det’=~~edfromtheCmves off-’= 5 based”‘ncont’~-
ui<yrelations:

‘afl
0.02022—E&

b, iAc =
(A*/f+)

Knowingthecompressorinletflowmea AC)it is
for ~,i.

thenpossibleto solve

Theevaluationof ~,i hasbeendiscussedintheprecedingsection
and S isa knownquadity fora givenaircraft.Thusall.q-tit ies
necesssryforthedeterminantionof D/Fi havebeendiscussed.

By definition~~, iAo,i = ‘i/qo“ Consequent,thete~ ~, iA-0,i

mayalsobe evaluatedby dividingtheengineidealthrustby ~, Pro-
vidingsuchinformationismorereadilyavailablethanthatpresented
h theforegoingparagraphs.

N



I

6

been

Thequantity

showntobe a
Foran increasein

NACA.TN 3261
.

F -D— fora givenairplane-enginecombinationhasFi .
functionof inletpressurerecoveryandairplanedrag.
inletpressurerecoveryand/ora decreaseinairplane

F -Ddrag,— obviouslyincreases.Iftheinletpressurerecoveryand
‘i

airplanedragsimultaneouslyincreaseordecrease,theircombinedeffect

my isnot3mnediatelyapparentsndtheindividualtermsmustbe

evaluatedto determinethetrendofthisquantity.It cambe pointed
F -Dout,however,thatif ~ remainsunchanged,sm increasein inlet

pressmerecoveryenddrag’coefficientwouldincreasethepropulsion
systemfuelconsumptionbecauseoftheincreaseinsizeofthefree-
streamtubeofairpassingthroughtheinlet”ata givenengineoperating
point(appendixB).

Itmaybe ofinterestto obtaintheincrementintiletpressure
recoveryrequiredto overcomea certainincrementinairplanedragcoef-
ficientassociatedwithanairplanedesignmodification.Forthiscon-

F -Ddition,thequantity~ remainsconst&”t:
-L

F -D P2 c+
—=k—Fi +(l-k)- = constant

‘o cF,iAO,i

or

(1)

then

o AC+
kA1 =

‘o %, i?o,i

and

Fora givenairplanethen,
A(p2/po]
MD isa functionof

*

F

ixD %,i%,i
.-

—

where S remaim.f3xed,thequantity

thefactorsk, ~,i, and ~,i asdetermined *



NACATN 3261 7

CN04IN
CD

in theprecedingsections.Thus,iftheengtnepumpingcharacteristics
A(P2/pO)- be

(fig.4) andcompressor-inletmea ~ areknown, ND

evaluatedforanyfree-stresmMachmm.iher,altitude,andengineoperat-
irlgpoint.

As willbe discussedlater,equation(3)csualsobe appliedto the
F-Devaluationof inletmass-flowratioformaximum~.

111.ustrativeExample
A(P#PO)

An illustrationoftheevaluationof MD canbe obtainedby

consideringa turbo~etengine(noafterburner)withpumQingcharacters-
ticsas showninfigure4. Forthisexample,thefollowingassumptions
sxemade:

Free-stresmMachnumber,~.. . . . . . . . . . . ...””. ““2”0
Altitude(isothermalregionofatmosphere),ft . . . 35,000andabove
N/N* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1.0
t,%(ref. 4) . . . . ..-. . . . . ..”. 000-- .o*” 3920
t/T(ref.4) . . . . . . . . . . . . . . . . . ..”. ””. ”0”5556

Fromthis~ormation,To = T2 =
engine-speedratio

Yk!Iz=
N*

706°R and W= 1.166.Corrected

1.0—= 0.8571.166

Fra figure4,

‘e/pz= 1.41

and

Te/T2= 1.97

EnteringquadrantI infigure3 tith pe/p2 or (p~po)i of 1.41 and
~ of 2.0 sndreadingacrossintoquadrantIIwith T~T2 of 1.971
yieldsa valuefor ~,i of1.15” QuadrantIIImaythenbe entered
withthesamevaluesof Pe/P2 ~d ~ (1.41and‘2.0,respectively]to

()

5+2
obtaintheratio Withthisratioand CF,i

%i + 2 P2/Po=0.667.
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alreadydetermined,k maybe evaluatedinquadrantIV. Dashedlines
witharrowshavebeendrawnonfigure3 to indicatetheproceduretobe
followedinreadingthecurves.Forthisexemple,a valueof k of
1.37isobtained.

Fromequation(3},

and

-. --

‘D = k~,;~,i = “ ““... .-

s

%, i

A(p2/po)Aoi
Variationof —+ withfree-streamMachnumber~ ispre-~D
sentedinfigure6. Curvesfortheturbojetenginewithafterburnerand
fora rsm-jetenginehavealsobeenincluded.A nozzle-exittotaltem-
peratureTe of3500°R wasassumedforthesetwoengines.Thecom-
parisonforalltheseenginesisbasedone@.alair-flowhandling

<-

capacities.

‘(p2/pO) ‘O,i on~h ~me~ offi~e 6 area function
.

Valuesof ACD s
onlyoftheenginetotal-pressureandtotal-temperatureratiosfora
givenflightMachnumberandaltitude.Fortheoperatingconditions

‘(p2/pO)%,i at a free-stre~~chnuder of2 0
chosen,thevalueof ~ s

.
n

fortheturbojetengine(n;afterburner)isapproxhnatelytwicethatfor
theran-jetengineorturbojetenginewithafterburner.Thiscomparison
wouldchange,ofcourse,fora changeintheoperatingpointof anyof
theengines.Fora turbojet-poweredairplaneusingthewingareaasa
reference,a typicalvalueof S/~,i mightbe 25. Theqmntity
A(p2/pO)forthis
ACD

iS 15.8(fig.6).

valueof S/~,i ata

Tomaintaina constant’

draQcoefficientwouldcreaseof0.001h -
z3(P+o)

ininletpressurerecovery.If MD

free-stresmMachnumberof2.0,
F -Dvalueof — Fi then,an in-

requirean increaseof0.0158

fortheactualairplaneis

greaterthan15.8,thepressure-recoveryincreasewilloutweighthein-
F -D ‘

4
creaseindragcoefficientand — Fi willticrease.Theconverseof

thisstatementisalsotrue. G



NACATN 3261

Ihletmass-flowratiofor
enginecomhinati.onmayalsobe

thrustminusdragoccurswhen

9

opthum thrustminusdragoftheWet-.—.
obtainedfrom

a{mimo}
to equation(3)h clifferentialformand,
mass-flowratio, “

@?/prJ s

o.

if

equation(1). Msximun

Thisrelationleadsdirectly

expressedintermsof inlet

Fromtheassunrptionsoftheforegoingexample,
%?,;%l,i = 15’8”A

realisticvalueof ‘= (at ~
d(m/~)

= 2.0)wouldbe ontheorderof -0.5

basedoncowl-liparea(seeref.5,e.g.).Ifthereferenceareaiscon-

vertedtowimgarea,
&

becomes-0.0167fora ratioofwingareato

d(p~po)
cowl-lipareaof 30. Thus -

= -0.264fortheprecedingcondi-

tions. Consequently,thepointontheinletpressurerecovery- mass-
flow-ratiocurvewheretheslopeis eqml to -0.264definestheinlet

F -Dmass-flowratioforwhicha maximumvalueof — isobtained.For
‘i

theinletoffigure7,thismass-flowratioisapprmimtely0.82as
determinedfromthepointoftangencyofthedashedline(slope= -0.264)
sadthepressure-recoverycurve.Theoptimummass-flowratioobtained
h thismannerrepresentsa morerapidprocessthanthatof calculating
thethrustminusdragfora rangeofmass-flowratiosto determhethe
maxm value.Variationof imletdragcoefficient(basedon inletcap-
turearea)withmass-flowratioisalsoincludedinfigure7. This
variationisnotnecessarilylinearas shownforthetypicalinletchosen,
buta linearapproximationto a nonlineardragcoefficientcurvecan
probablybemadefortherangeof inletmass-flowratiosconcerned.It

F -Disinterestingtonotethatthemass-flmwratioformsxhmm — F<
occursintheregionbetweencritical
recovery.

Thederivationsand
oftheratioofaircraft

CONCLUDING

(mtiimumdrag)andpeakpr;ssure

thecurvespresented
thrust*US dragto

.

hereinpermitevaluation
idealthrustin Orderto
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facilitatethechoiceof inletforitspropulsionsystem.An equation
fortheratioof incrementalchangesinwet pressurerecoverytoasso- ‘
ciatedincremental.chaugesinconfigurationdragcoefficientrequire-dto
maintaina constantlevelofthrustminusdragispresented.Thisqua-
tionisalsoapplicabletothedeterminationof inletmass-flowratio
formaxirmunt~t minusdrag.Themethodappliestoanyair-breathing
enginewheretotal-pressureratio,total-temperatureratio,andair-flow
requirementsareknown. —

“LewisFlightPropulsionLaboratory
NationalAdvisoryCcmmitteeforAer&autics

Cleveland,Ohio,June29,1954

●
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APPENDIXA

DERIVATIONOFTBFWSTPARAMETERFORAIR-~G PROPtlISIONSYSTEM

Fora power-plantinstallationwitha completelyexpandedexhaust
nozzleat eachflightcondition(fig.1),theinternalthrustisgiven
by

F = ‘eve- ‘O (Al)

In coefficientformbasedonthefree-streamtubeareaoftheairflow
passingthroughtheengine,equation(Al)becomes

.

1/2

-.2

-- TransposingtermsandconvertingexitMachnumbertopressure-ratio
rekti.onsyields

%+2
1/2=

r)

#eTe
p Y&oTo

.

2
l- e-l

Fora corgpletel.y~ded exhaustnozzle,Pe = PO and,forequation(A3):

Consequently,

CF+2

Pe PoPo
——

q= Po Pe

equation(A3) csmbe written

*

%)

as
,

2
Ye-l

.

1

. .

./2

(A3a)
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CF+2
andthethrustparsmeter ~ z becomesa uniquefunctionof

( )’

TeReTe
p T&OTO

free-streamkh nunherandover-allpower-planttotal-pressureratio,

(),

l/2
Y#e

PJPO. ForthisanalysiB,it~s ass~d that ‘m ‘1’
Ye = 1.32,and yo = 1s400 .

Theover-alltotal-pressureratiope/pomy be ~ressed as

Pe PeP2
q=~q (A4)

wherep2/po istheinletpressurerecoveryand ‘e/p2 istheengine

pressureratio.Thusfora givenenginepressmeratio,theeffectof
inletpress- recoveryonover-alltotal-pressmeratio,end,conse-
quent, thrustparsmeter,csabe determined.

.

.
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. APPENDIXB

EVALUATIONCl?VARIATIONOF INERNAL

PRXSSURERECOVERY

TERUSTWITHINIEI!

If,fora givenengineata givenoperatingpoint,theenginetotal-

@
pressureratio Pe/P2,total-temperatureratioTe/T2(Te/T2= Te/To)~

CJ andfree-streamkhnuuiber~ areknown,thevariationof F/Fi with
P2/Po canbe determinedfrm equation(A3a)withtheaidof equation

Pe Pe
[A4). For P2/Po= 1.0,~ = ~. Whenthesevaluesof pe/pOjTe/T2>

~, and P~pO (~ction of ~) areinsertedintoequation(A3a),a
valueof ~, i isobtained.Forvaluesof P~PO < 1.0,~ canbe
determinedby imsertingtheappropriatevaluesof P~PO intoequation
(A3a)asdeterminedfrcmeq~tion(A4).Fore=h valueof P~Po
assumedthen a valueof CF/CF,i canbe obtained.

.
%%%3%e=%,@o,i = %?, ib, i

.

and

At a givenengineoperatingpoint,~ isconstant;

Now

[Bl)

consequentlyy
A*/A2= (A*/.2)Land,~~, ~ = P@2, ~ = P2/Po.Therefore,

. F p2 CF
—=~cF, i (B2)
‘i

Variationof F/Fi with P~PO .issho~ h fi~e 2 (solid~fie)
for ~ = 2.0,Pe/P2= 2.38,and Te/T2= 4.0. Thecurveisseentobe
nearlyltiearandcouldbe approximatedwitha strai@tline(long
dashes) drawnbetweentheendpotitsat F/Fi= O and1.0. Thisapprox-
imateionwouldintroducesomeerror,however,pafiic~r~ ~ themid~e
regionofthecurve.A moreaccurateapproximateioncanbe obtainedby. assuminga linearvariationof F/Fi forvaluesof P2/Po between
0.667and1.0(shortdashes)whichisingoodagreementwiththeactual

.
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(solidline) formostoftheusefulmnge ofinletpressurerecov-
obtainableatfree-streamMachnumbersUD to about3.0. This

* straight-lineapproximationfor F/Fi canthe~bewritten

F P2
~=k~ +(1-k) (B3)

wherek istheslopeofthecurveandisgivenby

(B4)()
~- (F/Fi)p2/pO=o.667=3-23

k= 0.333 %,i
P2/Po=0.667

Forconvenience,a setofcurvesobtainedfromequation(B4)andthe
eqwtionsofappendixA havebeenpresentedinfigure3“forthedeter-
minationof k.

1.

2.

3.

4.

5.
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— Theoreticalvariation
—— Firstlinearapproximation
—--— Linearapproximationused

inanalysis
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ratio,2.38;enginetotal-tempera_&ureratio,4.0;free-
streamMachnumber,2.0.
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— Turbojet(noafterburner)
.70 ——— TurboJet(withafterbumer)(Te.3500°R)

—.— Ramjet(Te= 3500°R)
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Figure6.-Parameterrelatingratioofincrementalpressurerecovery
to~ncremental.dragcoefficienttomaintainconstantthrustminus
drag.Isothermalregionofatmosphere.
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